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Abstract 
Heliostat reflective facets have traditionally been constructed with glass/silver and metal back support, which may be near 
reaching its minimum cost point. During the past year, Sandia National Laboratories evaluated alternative low-cost materials and 
manufacturing methods to construct facets with the goal of reducing current facet cost by at least 25% while maintaining surface 
slope errors of 1 milli-radians RMS or below. Several companies developed prototype facet samples, which were optically 
evaluated at Sandia and compared to baseline facet samples using a proposed cost-to-performance metric. 
A cost-performance metric for comparing facets was developed by modeling and optimizing the hypothetical SunShot 200 MWe 
power tower plant scenario in DELSOL, a computer code for system-level modeling of power tower systems. We varied the 
slope error on the facets and adjusted the cost on the facets to maintain a constant plant levelized cost of energy (LCOE).  The 
result of these models provided a chart of the facet optical performance and the allowable facet cost for a constant plant LCOE. 
The size of the prototype facet samples ranged from 1.4 to 3 m2. The measured optical slope errors were between 1 and 2 milli-
radians RMS when compared to a flat mirror design shape. Despite slope errors greater than 1 milli-radians RMS, some of the 
prototype samples met the cost goals for this project using the cost-performance metric. Next steps are to work with the 
companies to improve the manufacturing processes and further reduce the cost and improve on the optical performance to reach 
Department of Energy SunShot goal of $75/m2 for heliostats. 
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1. Introduction 
Heliostat facet systems are among the highest cost elements in power tower systems. An array of facets is 
typically attached to heliostat frame structures that make up the collector field. Approximately 40-50% of the 
installed cost of power tower plants is attributed to the collector field [1,2]. A reduction in facet cost has potential to 
provide an immediate impact on reducing this cost [3]. Low-cost and high-performance solar collectors are needed 
to make power towers and other concentrating solar power (CSP) systems competitive with systems that use other 
fuels such as fossil fuels. 
Several facet designs have been used. Some designs employ panels with sandwich constructions that use outer 
skins, typically sheet metal, and a core material [4]. These facets generally provide good structural stability and 
optical performance, but the cost has been on the high side [4]. Some manufacturers have used well-established 
automotive stamping technology on the facet support structures to reduce manufacturing cost, but typically at the 
expense of optical performance. Others have taken the approach of using minimal amount of materials for the glass 
support structure to reduce cost, but also usually at the expense of the optical performance. No single facet design 
has been shown to provide an optimal balance between low cost and good optical performance. 
In 2011, the Department of Energy (DOE) set aggressive goals to reach a levelized cost of energy (LCOE) of 
$0.06/kW-h from power tower and other CSP systems by the year 2020 [5]. Cost reduction of the collector system 
was shown to have a strong impact on the plant LCOE. Over the past year, the low-cost facet development project at 
Sandia National Laboratories sought to identify candidate materials and manufacturing methods that are capable of 
reducing heliostat facet cost by at least 25% over current facet prices while maintaining optical performance, and 
develop prototype facet samples using the identified materials and manufacturing methods. We identified a few 
companies that possessed manufacturing capability with the potential of making mirror facets on a large scale at low 
cost. These companies produce large flat products in large quantities such as tables, writing boards, packaging 
materials, large panels for outdoor signs, automobile and aircraft body panels, and other large flat, rigid products. A 
handful of companies accepted our challenge to develop prototype facet samples using their existing tools and 
manufacturing capabilities. We then down-selected the samples to ones with high potential for reaching our cost and 
performance goals based on a figure-of-merit (FOM) that we developed. The FOM allowed us to evaluate and 
compare the facet samples on a cost-to-performance basis. It also provided an allowable cost on the facets as a 
function of the optical performance to maintain a constant LCOE of the plant. In this paper we describe the 
development of the figure-of-merit and the optical performance evaluation of the facet samples. We then compare 
the facet samples to baseline facets using the FOM. 
2. Figure-of-merit development 
2.1. Performance and optimization 
We began by modeling the hypothetical 200 MWe power tower plant listed in the SunShot vision study [6]. We 
used DELSOL [7] to model and analyze the performance of the plant. DELSOL is a computer code developed at 
Sandia and used to model and analyze the performance and economics of power tower systems. Its use of truncated 
Hermite polynomials rapidly calculates the performance of the collector field, given a sun shape, by analytically 
predicting the flux profiles at the receiver. Given a financial model in terms of capital cost (i.e. installation cost and 
component cost) and financing, DELSOL also provides an estimate of the plant LCOE. The code can also optimize 
the collector field layout, receiver dimensions, and tower height with cost considerations. 
Table 1 lists the parameters that we used to model our power tower system. Most of the parameters are repeated 
from the SunShot vision study. For other parameters, reasonable assumptions were made [8] or default DELSOL 
values were used. We selected a baseline heliostat size of 100 m2, which is a relatively large heliostat. Past studies 
have shown there are generally no cost advantages of small heliostats (1 m2) over large heliostats (<100 m2), or vice 
versa [2]. The cost and financing assumptions are also taken from the SunShot report [6]; they are not repeated here. 
For this plant capacity, the collector field needed to be a surround field. In optimization mode, DELSOL begins 
by building up the heliostats on the north side starting with the inner radial zones taking into account the blocking 
and shading constraints. It continues adding heliostats into the south side of the field until the power requirements of 
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the plant are met while limiting the flux on the receiver to the peak flux specified by the user at points on the 
cylindrical receiver. We allowed the receiver size to vary to relieve the peak flux on the receiver and limit the 
spillage. DELSOL finds an optimum point where cost of the components and plant performance is balanced to give 
a minimum LCOE. 
For a heliostat cost of $75/m2, DELSOL estimated $0.06/kW-h LCOE, agreeing with the SunShot vision study. 
We then increased the heliostat cost to the 2015 cost goal of $165/m2 [6], while keeping all other parameters fixed. 
We call the 2015 cost the “current” cost of the heliostat. With the increased cost on the heliostat, DELSOL 
estimated a LCOE of $0.08/kW-h for flat facets with nominal 1 mrad RMS slope error. 
Table 1.  Parameters from the SunShot vision study report.  Some parameters were  
assumed.  The optimized parameters are output from DELSOL. 
Parameters Value 
Plant capacity 200 MWe net 
Solar multiple 2.7 
Power cycle gross efficiency 0.55 
Heliostat size (reflective area) 100 m2 
Heliostat cost (current estimate) $165/m2 
Heliostat cost (SunShot) $75/m2 
Facet size 1 m2 
Tracking error 1 mrad 
Optimized Parameters Value 
Thermal energy storage 15 hours 
Tower height 316 m 
Receiver diameter (nominal) 22 m 
Receiver height (nominal) 27 m 
2.2. Cost-performance relationship 
DELSOL does not have an input field specifically for facet cost. Instead the heliostat cost (in $/m2) is specified, 
which includes the cost of the heliostat structure, drives/wiring, and facets. Kolb estimated facet cost of about 25% 
and 44% of the heliostat cost using cost extrapolation and “bottoms up” approaches, respectively, on the Advanced 
Thermal Systems fourth generation heliostats [2]. In our assumption, we selected the midpoint of Kolb’s facet cost 
estimate range or a third of the heliostat cost, and attributed this fraction to the cost of the facets. Speaking with 
industry representatives, this appeared to be a reasonable assumption. In the next steps of our analysis, we varied 
only this portion of the heliostat cost (i.e. the portion attributed to the facet cost) and kept the remainder cost fixed. 
To develop the facet cost-performance relationship plot shown in Figure 1, we started with the “current” heliostat 
cost of $165/m2 at 1 mrad RMS and varied the facet slope error. Other optical errors (e.g. tracking errors) were not 
varied. At each facet slope error step, we allowed DELSOL to re-optimize the system. From the optimized system, 
DELSOL estimated the plant LCOE. We then adjusted the portion of the heliostat cost we attributed to the facet cost 
until the plant LCOE returned to a constant value (i.e. $0.08/kW-h for the “current” heliostat cost). In Figure 1, we 
plot a few points and fit a second order polynomial through the points. As the optical performance of the facet is 
reduced, the cost decreases accordingly to maintain the same level of plant LCOE. This provides an allowable cost 
on the facets as a function of the facet optical performance. The fitted curve can be thought of as the “curve of 
constant LCOE.” In reality, the line curve will have some width. Our facet cost assumption allows us to reduce the 
curve fit to a line with a narrow width. Any facet, with determined cost and optical performance, falling below the 
line has potential for reducing the plant LCOE. The blue curve in Figure 1 represents cost-performance for current 
facets determined from “current” heliostat cost. We repeated the steps for our facet cost goals. The red curve is for 
25% cost reduction on current facets, which is our goal for the low-cost facet development project. 
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Fig. 1.  Facet cost vs. optical performance for the SunShot power tower scenario (200 MWe),  
determined from the current heliostat cost of $165/m2 (blue curve) and a 25% facet cost  
reduction (red curve) for our goal. 
The equation of the fitted curve takes the form, 
cba  SSC 2 ,   (1) 
where C is the facet cost in $/m2 and S is the facet slope error in mrad RMS. Normalizing the equation and making 
it an inequality yields 
C
SS1
2 cba  .   (2) 
Equation 2 becomes a handy FOM to compare facets for a given target power tower scenario. Also, facets satisfying 
the inequality have the potential at reducing the plant LCOE. 
Table 2 provides the coefficients of the fitted curves in Figure 1. Current facet cost will meet the LCOE of 
$0.08/kW-h. Facets that meet our goal will reduce the plant LCOE to about $0.07/kW-h, a step closer to the 
SunShot goal of $0.06/kW-h. Plots of the facet cost-performance to reach the different levels of LCOE goals are 
provided in Figure 2. 
Table 2.  Coefficients of the fitted FOM curves in Figure 1. 
Coefficient 
Value 
Current Estimate Our Project Goal 
a -3.43 -2.57 
b 7.52 5.64 
c 48.91 36.68 
3. Facet samples constructions 
We acquired a total of seven different prototype facet samples from three companies. Our facet development 
criteria for the companies included using low-cost, durable materials, easy manufacturability, and nominally flat 
reflective surfaces. We instructed the companies to use their existing manufacturing capability and tools. The seven 
prototypes used two main construction configurations: 1) sandwich construction and 2) rigid frame back support. 
 J. Yellowhair and C.E. Andraka /  Energy Procedia  49 ( 2014 )  265 – 274 269
Prototype #2 was constructed with reflective glass and a rigid back support made from fiber-plastic compounds. The 
fiber-plastic frame was compression molded under heat into desired structure(s) before attaching it to the glass. The 
rest of the prototypes used various sandwich configurations with sheet metal skins and varying core materials. 
Prototypes #1 and #7 used the reflective glass sheet as the skin one side of the panels reducing the materials cost. 
Our non-disclosure agreements with the companies prevent us from providing the details of the facet constructions 
at this time. We acquired and evaluated two baseline facets used currently in deployed heliostats for comparison to 
the prototypes. For proprietary reasons we are unable to describe the constructions of the baseline facets. 
4. Facet samples optical characterization 
We evaluated the facet samples with our SOFAST fringe reflection optical characterization system [9]. This 
system provides detailed surface normal data on mirrors from a camera. Flat mirrors up to 1.5 m u 2.5 m can be 
measured. SOFAST uses fringe reflection, also known as deflectometry, to rapidly determine the surface normal 
vector at each location that the camera views on the reflective surface. This data is then compared to a model. The 
residual that does not fit the model is called “slope error” and is summed in a root mean square (RMS) manner to a 
single number. The models used include 1) the design shape that is flat in most cases and 2) a best-fit two-
dimensional parabola. It is important that the slope error RMS numbers not be separated from the models. The slope 
error from a design fit is typically higher than the one from a parabolic fit, where the fitted parabola removes low-
order surface variations from the measurement. In addition to providing the slope error magnitude, SOFAST also 
provides detailed slope error plots of the facets, which can be used to guide manufacturing process improvements. 
Our 2D parabolic fit function shown below is similar to the Zernike monomials [10], but the terms in our 
parabolic function are not ortho-normalized as they are for the Zernike monomials. 
FExyDyCxByAxz  22    (3) 
The first two terms measure the focal lengths in the X and Y directions, when combined are similar to the 
Zernike on-axis or 0q astigmatism [10]. The third and fourth terms measure the surface tilts in X and Y, and the fifth 
term couples the X and Y terms to give a measure of a rotated astigmatism similar to the Zernike off-axis or 45q 
astigmatism [10]. The final term is piston, which is just the offset of the data along Z. In the next section, we specify 
the X and Y focal lengths for the parabolic fit case, thus we designate the cross-term parameter, E, as the 
“astigmatism” term. 
5. Results 
The measured optical parameters along with the construction descriptions of the facet samples are summarized in 
Table 3. In this section, we summarize our observations during the optical evaluations of all the facets samples. 
The two baseline #1 samples that we evaluated showed large amounts of astigmatism driving up the slope error 
when compared to the design shape. After inspection of the back support structure, we concluded twisting of the 
support structure caused the large astigmatism in both samples. Measurement of the baseline #2 sample showed a 
concave shape and printing through of the back support structure, which drove the overall slope error up. 
We received and evaluated two of the prototype #1 facet samples. The samples showed a general convex shape, 
though more so near the edges, and print-through of the mount locations as concave dimples. The central portions of 
the facet have low slope residuals when compared to design shape. Thus, it appears that the center of the glass is 
lifted while the edges are constrained, causing the convex shape. This could be a result of expansion of the injected 
foam core. Other common features are localized edge dimples, stronger on one edge than the other. The edge defects 
may be a result of packing issues during shipment. 
The two prototype #2 samples that we evaluated showed generally convex shapes. One sample showed high 
inward bending at the edges, while the other showed bulging in the center, print-through from the back support, and 
high astigmatism. Possible cause for the shape errors and astigmatism is artifacts from the assembly process, such as 
a non-flat assembly surface. 
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The prototype #3 facet sample showed a convex shape because of the outward bends around the periphery when 
compared to a design model. Removal of the parabolic fit showed smoothness of the glass; this indicates the 
potential of this facet construction if the assembly process is improved. 
Table 3.  Summary of the SOFAST measurement parameters on the baseline and prototype facet samples, and the construction configurations. 
Facet 
Sample 
# 
  Design Fit .    Parabolic Fit     
Slope Error 
(mrad RMS) 
Slope Error 
(mrad RMS) 
Focal Length 
X (m)* 
Focal Length 
Y (m)* 
Astigmatism 
(mrad/m) 
Facet Size 
(m2) Facet Construction Notes 
Base-
line #1 
3.94 
2.51 
1.21 
0.84 
-168 
-1340 
-41 
-63 
4.3 
2.7 
--- (company proprietary) 
Base-
line #2 
2.40 1.94 167 145 1.3 --- (company proprietary) 
Proto-
type #1 
1.34 
1.77 
0.65 
0.61 
-344.2 
-218.9 
-282.9 
-217.3 
0.30 
0.24 
2.98 
Sandwich construction with a sheet metal pan 
and glass held together with injected foam. 
The foam core provides adhesion.   
Proto-
type #2 
1.67 
1.33 
1.21 
1.12 
-85 
-143 
-774 
-155 
0.61 
2.03 
1.47 
Rigid fiber-plastic composite back support.  
The fiber-plastic compound is heated and 
compression molded. 
Proto-
type #3 
1.80 0.78 -170 -133 0.70 1.47 
Sandwich construction with sheet metal skins 
and paper honeycomb core; edges are sealed 
with silicone. 
Proto-
type #4 
1.61 0.65 -171 -241 0.80 1.47 
Sandwich construction with sheet metal pan 
and skin and paper honeycomb core; edges 
are sealed with silicone. 
Proto-
type #5 
1.56 1.07 537 107 0.70 1.47 
Sandwich construction with sheet metal pan 
and skin with Kynar paint and steel waffle 
core; edges are sealed with silicone. 
Proto-
type #6 
1.60 1.00 251 -230 2.8 1.47 
Sandwich construction with sheet metal pan 
and skin with Kynar paint and plastic 
honeycomb core; edges are sealed with 
silicone. 
Proto-
type #7 
3.72 0.94 -701 -49 1.9 1.47 
Sandwich construction with sheet metal skin 
and glass with paper honeycomb core; edges 
are sealed with silicone. 
* A negative quantity indicates a convex mirror shape, while a positive quantity indicates a concave shape. 
 
We received and evaluated one prototype #4 facet sample. The main feature seen in this sample was the outward 
bends of the left and right edges. This caused a convex shape mostly in the horizontal direction. It could be due to 
the uneven application of the adhesive for the glass or a non-flat assembly surface. Removal of the fitted parabola 
exposed an edge issue at one edge. This is the typical edge issue we see in float glass. 
The prototype #5 facet sample showed less systematic shape error when compared to a design model. However, 
when compared to the fitted parabola, the residual slope error was not as good as other methods, perhaps indicating 
limitations of this method. There were introduction of high-order shape errors. 
The prototype #6 facet sample showed two primary features. The first are large outward bends (> 3 mrad) at one 
edge and in the opposing corner. The large edge bends contribute to a convex shape in the vertical direction, while 
the shape is concave in the horizontal direction. The parabolic fit accounts for most of the systematic errors. 
However, the parabolic fit plot shows large high-order systematic errors remained in the lower right and upper left 
corners, which contributed to a high amount of astigmatism in the glass, the second prominent feature. 
The prototype #7 facet sample showed a curling of the surface in the vertical direction (>5 mrad at the edges) 
causing a large convex shape mainly in the Y direction when compared to a design shape and a relatively large 
astigmatism. The cause of these large shape errors most likely is from a non-flat assembly surface. The parabolic fit 
accounts for the convex shape. Removal of the parabolic fit revealed a smooth glass surface with introduction of 
small high-order surface variations. This indicates the potential of this sample. An area of concern, though, was the 
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use of the glass sheet as the skin. When glass alone is used as one skin, with steel as the opposing skin, there is the 
potential of thermal expansion mismatches that may affect the facet shape. When two steel sheets are used with thin 
glass, the modulus of the steel dominates and the thermal effects are minimized. Also we used a thick glass (6 mm), 
which may make this problem worse. 
The prototype samples were generally rigid and maintained shape during the optical evaluations. They also 
showed less astigmatism, except for prototypes #6 and #7, when compared to the baseline samples. Removal of the 
fitted parabola revealed smooth glass in some samples, indicating the potential of those methods. 
6. Discussion 
Figure 2 shows three curves indicating the facet cost-performance relationships for the different levels of LCOE 
goals on the hypothetical 200 MWe power tower plant [6]. The curves provide an allowable cost on the facets as a 
function of the optical performance while maintaining a constant plant LCOE. The blue curve uses the 2015 
heliostat cost goal of $165/m2 (which we designate as “current”) as input to our DELSOL model, and reaches a 
LCOE of $0.08/kW-h. We assumed 33% of the heliostat cost is attributed to the facet cost, or $54/m2 at a nominal 1 
mrad RMS facet slope error. The red curve (designated “Sandia Goal”) uses our facet cost goal of at least 25% cost 
reduction from the “current” facet cost. Our facet cost goal will reduce the plant LCOE to about $0.07/kW-h. Any 
facet cost-performance value that fall within or below this curve will meet our facet cost and optical performance 
goals for this project. The green curve is the facet cost-performance that will reach the SunShot goal of $0.06/kW-h 
LCOE. SunShot specifies a goal of $75/m2 on the heliostat cost. For simplicity, we again assumed 33% of the 
heliostat cost is attributed to the facet cost, or $25/m2 at a nominal 1 mrad RMS facet slope error. We plan to reach 
this final target with continued facet cost reductions and optical performance improvements. 
In addition to the cost-performance curves, we also plot the cost-performance values of the baseline and 
prototype facet samples. The ‘DF’ and ‘PF’ designation in the plot legend refers to the measured slope error 
residuals after the removal of the design fit (DF designated by squares) and parabolic fit (PF designated by triangles) 
from the measured data. We note that the ‘PF’ data points indicate the potential of these current technologies if 
overall shape errors are removed through systematic process improvements, leaving only local errors that are likely 
caused by technology processes. 
To plot the cost-performance values of the facet samples, we instructed the companies to perform cost analyses 
for large scale facet production scenarios. The cost analyses assumed production levels of at least 1,000,000 m2 of 
facet reflective area per year, regardless of the size of the facets. Some of the cost figures may be conservative due 
to cost projections and inclusion of profit, which is typical practice by manufacturers. 
The estimated cost of the facets combined with the SOFAST optical performance measurements allowed us to 
compare the prototype samples to the baseline samples using the FOM on a cost-to-performance basis. In this 
section, we provide the comparison analysis and provide comments for areas of improvement on the facet samples. 
The discussion in this section refers to the plot shown in Figure 2. Evaluation of the baseline samples are given first 
followed by the evaluation of the prototype samples. 
6.1. Baseline samples cost-performance 
Of all the samples evaluated, baseline #1 samples (red data points) has the lowest stated production cost. The first 
sample showed a slope error of 3.9 mrad RMS when compared to a design shape. This high slope error was due the 
high amount of astigmatism induced by the back structure support. The DF data point for this facet lands on the blue 
curve indicating it compares well with current facets, but does not meet our facet cost-performance goals. The 
second sample showed a slope error of 2.5 mrad RMS when compared to the design shape. The second sample also 
exhibited astigmatism, but smaller than the first sample. The DF data point for the second sample falls below the red 
curve, indicating as manufactured this facet sample meets our cost-performance goal. The facets showed relatively 
smooth glass surfaces when astigmatism and other systematic shape errors were removed. Improvements on the 
back support structure such that it does not induce astigmatism without incurring additional cost will improve the 
optical performance and move the facets closer to reaching SunShot facet cost-performance goals as indicated by the 
red triangle data points, which also indicate the potential of these facets 
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The stated cost of the baseline #2 samples (blue data points) is around the mid-thirties dollars per meter square. A 
comparison to the design shape showed a concave surface in the facet. A plot of the DF data point lands on the top 
red curve indicating this sample, as manufactured, meets our facet cost-performance goal. The parabolic fit showed 
some improvement on the slope errors, but the print-through from the back support structure kept the slope error 
high (PF data point). The optical performance is still better than the baseline #1 facets.  However, on our FOM scale 
baseline #1 performs better due to lower production cost. The manufacturer of the baseline #2 facets must now make 
attempts to significantly reduce the cost in order to reach SunShot goals. 
 
 
Fig. 2.  Facet cost/performance relationship (figure-of-merit) derived from the study of the SunShot power tower scenario, and comparison of the 
prototype facet samples to the baseline samples using the figure of merit.  Two baseline samples and seven prototype samples were evaluated. 
6.2. Prototype samples cost-performance 
The cost-performance of the prototype #1 facet samples is shown by the green data points. The DF data points for 
both samples fall below the red curve, indicating these samples meet our cost-performance goal and also beat the as-
manufactured performance of baseline #2. Removal of the fitted parabola (PF data points) does not substantially 
impact the standing of the samples on the FOM scale. Further cost reductions on the facet will shift the data points 
towards the SunShot goal curve 
We received and evaluated two prototype #2 samples (orange data points). The simplicity of this facet design was 
attractive, and it lent itself to easy manufacturability for mass production. Unfortunately, the estimated cost of the 
materials and labor to build the facets drove the facet cost just above our goal, but still within reach of our goal. 
Exploring lower cost materials and automated assembly have potential for further reducing cost of these facets. 
The purple data points show the cost-performance of the prototype #3 facet sample. The DF data point also lands 
just outside our goal curve due to the relatively high slope errors caused by the convex glass surface. Removal of the 
convex shape from the data reduced the slope errors, thus the potential of this facet (d1 mrad RMS) meets our goal. 
Further cost reductions are then needed to reach SunShot goals. 
The black data points mark the cost-performance of the prototype #4 sample. This sample used extra silicone to 
seal up the edges. The additional incurred cost drove the cost this facet beyond our goal (however still competitive 
with current facet cost). The company realizes the cost of this sample is too high and has eliminated it from 
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consideration for further development. Instead of this sample construction, the company recommended prototype #3 
as a replacement. 
The dark red data points mark the cost-performance of the prototype #5 facet sample.  Both the DF and PF data 
points for this sample land just outside our goal curve. This facet is well within reach of reaching our goal. An 
improvement on the optical performance, as indicated by the PF data point, and a change in the core material to 
lower the cost should move the cost-performance below our goal curve. 
The aqua colored data points mark the cost-performance of the prototype #6. The cost of the plastic honeycomb 
core used in this sample proved to be prohibitive, thus this sample did not meet our cost-performance goal, although 
it is competitive with current facet cost. This sample construction will not be pursued for further development 
The cost-performance og prototype #7 is shown by the olive green data points. In this sample the reflective glass 
(6 mm thick) is the skin on one side of the panel. It has the lowest production cost of the prototype samples. 
However, it had the poorest optical performance when compared to the design shape. The DF data point lands just 
outside of the curve for current facets. This would indicate poor performance against our FOM. However, the 
removal of the systematic shape errors (as indicated by the PF data point) significantly improved the cost-
performance. The potential of this facet is better than the other prototype samples and even the baseline #2 sample. 
Its potential also comes close to competing with the baseline #1 sample and reaching SunShot goal. The thermal 
mismatch between the glass and metal skin is still a concern. Further tests are needed to show viability of this facet 
construction. 
7. Conclusion 
To develop a figure-of-merit (FOM) for facet samples comparisons, we modeled the hypothetical 200 MWe 
Sunshot power tower scenario in DELSOL. The SunShot model has the heliostat cost at $75/m2, which combined 
with other cost goals results in $0.06/kW-h plant LCOE. Replacing the SunShot heliostat cost with the current 
heliostat cost of $165/m2 resulted in a plant LCOE of $0.08/kW-h. Using Kolb’s cost analysis as a guide, we chose 
to attribute 33% of the heliostat cost to the facet cost. In DELSOL we adjusted the slope error on the facets and 
compensated with the cost of the heliostat attributed to the facet cost to maintain a constant LCOE of $0.08/kW-h. 
We then plotted the facet cost against the facet optical performance. A second order polynomial equation provided a 
good fit to the data points and provided the FOM curve for the facet comparisons.  We repeated the above steps for 
facets with cost reduced by 25% from the current facet cost, and again for the SunShot heliostat cost. We caution 
that the FOM developed in this paper is specific to the 200 MWe SunShot power tower scenario with a specific 
receiver geometry. Other power tower scenarios will produce different equations for the FOM. 
Our cost assumption on the facets (i.e. 33% of the heliostat cost) was necessary since DELSOL does not directly 
take facet cost as an input. Instead it accepts the heliostat cost as an input where the heliostat cost includes the 
structure, drives/wiring, and facet cost. Note that structural facets have the potential of further reducing the heliostat 
structure cost, which could lead to the facet cost being closer to half the heliostat cost. We must remain aware of this 
when considering future heliostat designs. Heliostat candidates must be considered at a system level. Therefore, we 
suggest the analysis we presented in this paper be used as a guideline for evaluating facets. 
We evaluated baseline facets from two manufacturers. Baseline #1 facet samples suffered mostly from 
astigmatism induced by the back support structure. As manufactured, one facet will meet our cost-performance goal, 
while the other will not. Improvements on the back support structure design and manufacturing, without incurring 
additional cost, makes this facet very attractive and increases its potential for reaching the SunShot goal. The 
baseline #2 facet, as manufactured, met our cost-performance goal but exhibited print-through from the back support 
structure causing high slope errors. The manufacturer of these facets must make attempts to reduce the cost, while 
not sacrificing the optical performance of the facets, in order to reach SunShot goals. 
We compared seven prototype facet samples to the baseline samples using our FOM. As built, one prototype 
sample (prototype #1) met our cost-performance goal and beat the performance of the baseline #2 samples. Other 
prototype samples (prototypes #2,3,5) landed just outside our goal curve.  We believe these samples can meet our 
cost-performance goals with improvements in optical performance and cost reductions by investigating additional 
cheaper materials and incorporating automated manufacturing. Two prototype samples (prototypes #4,6) landed 
further out from our cost-performance goal. Although they are competitive with current facets, they are far from 
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reaching the SunShot goal and will not be considered for further development. All but one of the prototype samples 
(prototype #7) beat the current facet cost- performance curve. The FOM performance of prototype #7 would indicate 
poor cost-performance. It has low cost, but suffers significantly from a systematic shape error, most likely caused by 
assembly errors. After removal of systematic errors, the potential of this sample becomes competitive with baseline 
#1. Its structural thermal performance, however, is a concern. Overall, the sandwich panels provided good stiffness 
and minimized astigmatism in the glass. Generally, their optical performances were better than the baseline samples. 
Although low-cost materials and manufacturing capability were evaluated for prototyping, there was almost no 
iteration or optimization on assembly processes – most samples were constructed in one attempt. Companies that 
make “nearly flat” structures are not usually judged on the optical quality of their surfaces. Some education and 
iteration would likely improve these products. Shape errors, resulting from non-optimized processes, can be 
removed and we can assume that this can be fixed in the manufacturing methods. Therefore, the FOM was 
calculated with and without removing the overall shape error to indicate potential of each method. It is important to 
note that, assuming the quality can relatively easily be improved to remove systematic shape errors, all of these 
facets fall within the relatively flat area of the FOM curves. This indicates that materials and manufacturing cost 
reduction is a critical next step to heliostat facet development. 
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